Abstract. The evolution of thin MgO(100) foils during in-situ ion implantation and thermal heating was followed with transmission electron microscopy (TEM) in the IVEM
INTRODUCTION
Metal nanoclusters embedded in dielectric matrices like MgO exhibit linear and non-linear optical properties that are of interest to the field of optoelectronics [1, 2] . A feasible way of producing these clusters is by means of ion implantation and subsequent annealing [3, 4] . Although there are many experimental techniques that can be applied to investigate the material properties of the composite material, transmission electron microscopy (TEM) is an indispensable method to obtain information on the spatial configuration, morphology and size distribution of the nanoclusters. In general, planar TEM or crosssectional TEM is applied only at one point during the defect evolution, e.g., directly after implantation or after a certain post-annealing treatment. The IVEM-TANDEM facility [5] at Argonne National Laboratory (USA) offers the possibility to follow the defect evolution in the specimen all the way during in-situ ion implantation and during post-implantation treatments. In this work, the formation, growth and degradation of Au clusters in MgO is investigated, as well as the formation of nanovoids due to agglomeration of displacement damage created by ion implantation.
EXPERIMENTAL
The IVEM-TANDEM facility at Argonne National Laboratory [5] consists of a Hitachi H-9000 transmission electron microscope (TEM) operating at 300 kV coupled to a 650 kV NEC ion implanter. This allows in-situ observation of defect evolution during ion implantation and (simultaneous) thermal annealing. Thin MgO(100) specimens were prepared from bulk MgO single crystals by means of cleaving, grinding and polishing to a thickness of 20 µm and by subsequent ion milling to electron transparency. The MgO specimens were mounted on a temperaturecontrolled stage (from 300 to 1100 K) and was tilted towards the ion beam (~ 30 degs. off the electron beam axis) during ion implantation. In order to create Au clusters, one specimen was implanted with 100 keV Au ions to a fluence of 1.8×10 16 ions cm -2 while the specimen was kept at an elevated temperature of 700 K. After implantation, the specimen was annealed up to a temperature of 1100 K to induce coarsening and growth of the precipitates. Finally the specimen was irradiated with 600 keV Au ions to a fluence of 1.0×10 16 cm -2 . At this acceleration energy the Au ions pass through the thin parts of the specimen and only deposit displacement damage in the MgO slab. This will be discussed in detail in the next section. In order to study void formation in MgO, as observed previously in ion implanted MgO [6, 7] , another experiment was performed where 300 keV Kr ions were implanted through another MgO(100) foil to a fluence of 4.0×10 16 cm -2 . The sample treatments are listed in Table 1 . [8] .
RESULTS AND DISCUSSION
In order to perform the experiments described above, it is needed to either deposit all ions within the thin MgO foil or to shoot all ions through the foil, adding only displacement damage. In order to calculate the required acceleration energies and the corresponding ion and damage depth distributions, the SRIM 2000 code was used [8] using a value of 55 eV for the displacement energy of both the Mg and O atoms [9] . The implantation parameters are listed in Table 1 and the corresponding ion depth distribution and vacancy depth distribution are shown in Figs. 1 and 2, respectively. Estimating the thickness of thin areas of the MgO specimen at ~50 nm, the 100 keV Au ions will be implanted inside the MgO foil in a depth interval of 20-40 nm. The 600 keV Au ions and the 300 keV Kr ions completely pass the foil ( Fig. 1 ) but the implantation damage deposited inside the 50 nm MgO foil is about 15 and 30 dpa, respectively (Fig. 2) . It should be realised that the validity of the SRIM results presented here is limited. The model assumes the material to be random while MgO is monocrystalline. Furthermore, (thermal) effects such as defect migration, diffusion, recombination, agglomeration and dissociation and are not taken into account. The surviving number of vacancies at room temperature will be 10-40 % of the number predicted by SRIM [9] . Sample 1 (MgO:Au) received three treatments: implantation with 100 keV Au ions at an elevated temperature of 700 K to deposit Au ions inside the foil (range 28 nm), post-implantation thermal annealing at 1100 K to induce coarsening and growth of Au clusters, and post-irradiation annealing using 600 keV Au ions that pass completely through the foil (range 107 nm). The 100 keV Au ions that are deposited inside the foil reach a Au peak concentration of 12 at. %. Figure 3 shows the defect evolution during the sample treatment. Prior to ion implantation, the MgO material is almost without contrast (Fig. 3a) . Implantation of 1.8×10 16 cm -2 100 keV Au ions at an elevated temperature of 700 K leads to the spontaneous formation of small Au precipitates with sizes of 2-3 nm (Fig. 3b) . Subsequent thermal annealling at a temperature of 1100 K leads to coarsening and growth of the nanoclusters to sizes of ~9 nm (Fig. 3c) . Subsequent irradiation with 600 keV for 100 keV Au, 600 keV Au and 300 keV Kr ions, respectively.
Au ions at room temperature (range 107 nm, all ions go completely through the foil) leads to refining of the precipitates. After a fluence of 2×10 15 cm -2 , the cluster size already decreases from ~9 nm to a size of ~5 nm (Fig. 3d) . After a fluence of 1×10 16 cm -2 , the size is further reduced to ~3 nm (Fig. 3e) .
The formation of Au clusters during 100 keV Au implantation most likely follows an Ostwald ripening process: large Au clusters grow at the cost of small Au clusters. This process continues during the postimplantation thermal annealing at temperatures up to 1100 K. The refining of the clusters upon irradiation with 600 keV Au ions yields an inverse ripening process. It is well-known that the damage caused by heavy ion implantation is deposited very locally along the ion track in elongated defect clusters. The width of these defect clusters is reasonably narrow, of the order of 5 nm [10] . If one of the defect clusters that is created in the heavy ion track incorporates a gold nanocluster, this cluster can be (partially) destroyed due to the very high, locally deposited displacement damage. There is enough energy available to remove Au atoms from the nanocluster and to reposition them as interstitial or substitutional Au atoms in the MgO. This seems to be in contradiction with the results by Ila et al. [11] , who found that post-implantation irradiation with energetic ions actually enhances the nucleation and growth of Au clusters in SiO 2 [11] . The main difference between their work and the present work is that they use a relatively light Si ions at an energy of 5.0 MeV, where the electronic stopping (dE/dx) e is two orders of magnitude larger than the nuclear stopping (dE/dx) n . They also conclude that the nucleation and growth of nanoclusters is mainly enhanced by the deposition of electronic energy ('radiation-induced annealing'). However in our case of 600 keV heavy Au ion irradiation, the nuclear stopping is five times larger than the electronic stopping (see Table 1 ). Therefore, the nuclear stopping is dominating over the electronic stopping, resulting in an inverse cluster growth as compared to the growth achieved during thermal annealing at 1100 K. During the first stage (100 keV Au implantation at an elevated temperature of 700 K) the mechanisms of thermal annealing and heavy ion irradiation occur simultaneously. As can be seen in Fig. 2 , the displacement damage deposited inside the foil by the 100 keV ions (~25 dpa) is even higher than the displacement damage deposited by the 600 keV Au ions in the first 50 nm (~15 dpa). By separation of the effects by performing a separate thermal annealing and a separate heavy ion irradiation, it becomes clear that in the case of heavy ion irradiation, thermal annealing and radiation-induced annealing are competing processes respectively enhancing and inversing the growth of Au clusters.Although Au clusters form spontaneously during ion implantation at room temperature after reaching a certain threshold dose [4] , implantation at elevated temperature will induce an earlier and faster growth of the clusters [12] .
In previous XTEM work on ion implanted MgO, it was found that cubically shaped nanovoids in MgO can be created due to accumulation of displacement damage during thermal annealing [6, 7] . Here it is attempted to repeat this experiment, but now in a planar TEM configuration by implanting 300 keV Kr ions through the MgO foil (range 105 nm). The first 5×10 15 cm -2 Kr ions were implanted at RT in order to create nucleation centers. Subsequently, the dose was increased to a final dose of 4×10
16 Kr ions cm -2 while the specimen was kept at an elevated temperature of 650 K. After implantation of 2×10 16 cm -2 , nanovoids with size ~1 nm start to develop, growing to a final size of ~3 nm after 4×10
16 Kr ions cm -2 . No further growth of the nanovoids was observed after postirradiation thermal annealing at 1100 K. Figure 4 shows the vacancy clusters in underfocus and overfocus condition.
Agglomeration of the displacement damage (~30 dpa, see Fig. 2 ) created by the 300 keV Kr ions in the first 50 nm leads to a very dense network of cubical nanoclusters. The edge of the hole in the specimen is visible in the bottom-left corner of Fig. 4 . The cubical shapes present near the edge might also be surface defects. However the cubical shapes can be found in the entire specimen, as is also visible in Fig. 4 in the top-right corner. Here the specimen is thicker and the (projected) concentration of vacancy clusters is higher. Therefore, the vacancy clusters are present inside the MgO foil. This experiment clearly shows that cubical nanovoids in MgO can be formed due to agglomeration of implantation damage without any interference with the implanted ion. Other examples are discussed in Ref. [6] . The three-dimensional growth of vacancy clusters in metal oxides is remarkable since in metals vacancy clusters always develop in two-dimensional structures such as platelets and dislocation loops. Vacancies are easily created in MgO because it is a typical Schottky material [13] : interstitials are mobile at room temperature and easily migrate to the surface, while the vacancies are not mobile at room temperature and agglomerate into vacancy clusters after thermal annealing or due to radiation-induced annealing. Post-implantation thermal annealing at 1100 K did not change the size distribution of the nanoclusters, showing that the nanovoids are very stable at this temperature. 
CONCLUSIONS
TEM with in-situ ion implantation and thermal annealing is a very useful tool to study the defect evolution of nanocluster formation, growth and degradation. It was shown that thermal annealing at 1100 K enhances Au cluster growth while postannealing irradiation with 600 keV Au ions leads to refining of the nanoclusters. Cubically shaped nanovoids are easily created in MgO by agglomeration of displacement damage (without the presence of the implanted ion) during 300 keV Kr ion irradiation at an elevated temperature of 650 K.
